The 'ODD' (Overview, Design concepts, and Details) protocol was published in 2006 to standardize the published descriptions of individual-based and agent-based models (ABMs). The primary objectives of ODD are to make model descriptions more understandable and complete, thereby making ABMs less subject to criticism for being irreproducible. We have systematically evaluated existing uses of the ODD protocol and identified, as expected, parts of ODD needing improvement and clarification. Accordingly, we revise the definition of ODD to clarify aspects of the original version and thereby facilitate future standardization of ABM descriptions. We discuss frequently raised critiques in ODD but also two emerging, and unanticipated, benefits: ODD improves the rigorous formulation of models and helps make the theoretical foundations of large models more visible. Although the protocol was designed for ABMs, it can help with documenting any large, complex model, alleviating some general objections against such models.
Introduction
Ecologists and social scientists have long been faced with the challenge of how to model the complexity inherent in many real-world ecological, social, or socio-ecological systems. One approach for exploring such systems is using agent-based models. (We hereafter refer to such models generically as ABMs, and use the terms 'individual' and 'agent' interchangeably.) ABMs focus on one or more of the following aspects because they are considered critical for explaining system-level behavior: heterogeneity of and among individuals, local interactions among individuals, and adaptive behavior of individuals Mooij, 2003, 2005; Grimm and Railsback, 2005) .
ABMs were early criticized as generally being so poorly documented that the models could not be evaluated (e.g., Lorek and Sonnenschein, 1999) . These criticisms motivated the ODD (Overview, Design concepts, Details) protocol (Grimm et al., 2006) , which attempted to create a generic format and a standard structure by which all ABMs could be documented. The primary purpose of ODD is to make writing and reading model descriptions easier and more efficient. Moreover, ODD is expected to lead to more complete model descriptions, making ABMs easier to replicate and hence less easily dismissed as unscientific.
In the few years it has existed, ODD has been used in more than 50 publications. ODD was also evaluated by using it to compare three different agent-based social simulation models of land-use change (Polhill et al., 2008) , and was discussed and included in the portfolio of approaches fostered by the Open ABM Consortium, which was constituted in 2007 (Janssen et al., 2008) . Hence a critical mass of experience has been reached, enabling the first update of the ODD protocol. This update was anticipated by Grimm et al. (2006, p. 116) : "Once initiated, the protocol will hopefully evolve as it becomes used by a sufficiently large proportion of modelers." It was clear from the outset that the first version of a protocol designed to embrace the huge variety of ABM designs, complexity, scopes, or disciplines could not be optimal and that updates of the protocol would be needed.
Here we review the uses to date of ODD. This allows several observations to be made concerning the clarity and completeness of the protocol. An additional observation, however, was that the protocol has had unanticipated dividends that go beyond the expected practical benefits of providing a systematic documentation of models. That key benefit is that the protocol helps to promote a more rigorous formulation of models. The reason for this is that the ODD protocol provides a comprehensive checklist that covers virtually all of the key features that can characterize a model and that should be described. Because models are vehicles for applying theory to real world situations, we believe that this also helps communicate clearly the theoretical background and assumptions of the model. A further observation is that the application of the ODD protocol to model descriptions may be appropriate not only for the ABMs, but for large, complex models in general. The advantages and disadvantages of large, complex models in ecology have been reviewed and debated in many places (e.g., Jørgensen, 1992; Liebhold, 1994; Logan, 1994; DeAngelis and Mooij, 2003; May, 2004; Grimm et al., 2005) , the debate often revolving about the level of detail necessary in a model, the tradeoff being between greater realism on the one hand and greater parsimony and transparency on the other. It is not our goal to enter that debate, but to suggest that ODD be used as a thorough and consistent framework for documenting models, which can help to make large, complex models as clear as possible to the reader and user (e.g., Müller et al., 2007) . If substantial clarification of large, complicated ecological models can be achieved, then a major disadvantage in such models, that is, the difficulty in understanding them, may be overcome. We will center our comments here on application to ABMs, but broader use of ODD is implied.
The update of the ODD protocol and its description is based on a review of all model descriptions using the protocol that existed by December 2009, checking whether the protocol's terminology was consistently understandable. This assessment had to be based on our subjective assessment on whether or not ODD elements were used as described in Grimm et al. (2006) because a more quantitative assessment seemed not to be possible at this stage.
Our main conclusion from three years of ODD application is that, while the protocol itself does not need a major overhaul, an update of the description of the protocol is needed, as several elements and some important terms have proven unclear or were sometimes misinterpreted. In addition, experience has revealed important potential benefits of ODD that were not foreseen when it was developed. It is worth addressing these benefits to further increase the value of the ODD protocol in the scientific community.
In the following, we first present our review of ODD-based model descriptions. As a result of this review, we then present an updated description and explanation of the seven elements of ODD. We then discuss those features of ODD that have been criticized as well as important benefits that were not anticipated by Grimm et al. (2006) .
Review of ODD-based model descriptions

Methods
We searched the 'Web of Science' reference data base (Thomson Scientific) for publications citing the original ODD publication (Grimm et al., 2006) . We selected those publications that claimed to follow the ODD protocol in the model descriptions. For each of the publications, we checked whether the ODD format was completely followed, which includes using exactly the identifiers and sequence of all seven elements of the ODD format. Then, for each of the elements of the protocol that was included, we checked whether it was either used more or less as described by Grimm et al. (2006) , or whether an incorrect use could be directly referred to a weakness in the original ODD description, or whether parts of the protocol appeared to be inadequate in a given situation.
For the publications that included the 'Design concepts' element we recorded which design concepts were addressed; here, we included a design concept even if its qualifier, for example 'emergence', was not explicitly used, but information relevant to that qualifier was nonetheless supplied. We checked each of the publications for the discipline or field of research, whether the model was presented in the main manuscript or in an appendix, whether the schedules were described by using pseudo-code, diagrams, or other means, and whether tables with model parameters were included.
In addition to reviewing existing applications of the ODD protocol, we solicited direct feedback from ODD users, asking especially what they found suboptimal about the protocol. Most of this feedback was given verbally, or via e-mails, so that we cannot provide a solid database of feedbacks from ODD users; therefore, feedbacks are not included in the results section but in the discussion.
Results
By December 14, 2009, Web of Science listed 87 citations of Grimm et al. (2006) . The ODD protocol was used in 54 of these publications; the other publications were reviews, addressing methods, or they just used Grimm et al. (2006) as a general reference to individual-based modeling. In 13 of the 87 publications (24%), one or more of the 28 authors of Grimm et al. (2006) were co-author. The majority of publications is from ecology (70% or 38 publications); other disciplines included behavioral sciences (six publications), epidemiology, forest science, social sciences (two publications each), and archeology, microbiology, biomedical research, and oceanography (one publication each).
Apart from 'Design concepts' and 'Input', the other elements of the ODD protocol were included in more than 80% of the ODD-based model descriptions (Fig. 1) . The element 'Input' was included correctly in only 62% of the publications; in 13 cases (24%) 'Input' was omitted, and in 7 cases (13%) it was interpreted as model parameters instead of as input data of driving environmental variables imported from external files or models.
In 75% of the papers ODD was either followed completely and correctly, or only one of the seven elements was missing or was not used as described by Grimm et al. (2006) . Six papers (11%) ignored the protocol's terminology or misinterpreted its intention by more than 50% (four or more elements omitted, labeled incorrectly, or misinterpreted).
Variation in the number of publications addressing design concepts was high ( Fig. 2) and ranged between 93% (Stochasticity) and 7% (Prediction). If design concepts were addressed at all, often only three or four of the possible nine design concepts were included. 'Emergence', 'Stochasticity', and 'Observation' were used most often, whereas design concepts related to explicit models of adaptive behavior ('Adaptation', 'Fitness', 'Prediction') were listed in less than one third of the papers.
In 12 publications (22%) the entire model description, or parts of it, were presented in an appendix. In seven publications the description of the model's schedule was supported by presenting pseudo-code (12%), in 20 publications (37%) it was supported by diagrams, and in two cases it was supported by UML (Unified Modeling Language) diagrams. In 37 publications (69%) parameters were presented using a table. (The detailed evaluation sheet for all 54 ODD-based model descriptions is provided in the Supplementary Material.)
Discussion and Lessons
The high proportion of almost correct and complete uses of the ODD protocol (75%) shows that the protocol is of value to the scientific community. The protocol has proven to be applicable for a wide range of individual-and agent-based models from various disciplines. We conclude that major changes of the protocol regarding the number and sequence of its elements are not necessary. Figure 1 shows, however, that the description of the ODD elements should be improved. In the following we discuss in detail why each element was sometimes omitted, misunderstood, or renamed, and from this arrive at a modified and updated version of ODD, which is presented in the following section.
Purpose. -This element was never misunderstood but was omitted in some cases. This is probably because re-stating the purpose was considered redundant; usually, the purpose of the model was already stated in the introduction of a publication. The purpose of including this element should therefore be explained more clearly and it must be made clear that here only a very short, summary description of a model's purpose is required.
State variables and scales. -It seems that some authors had problems with the term 'state variables' (see also Polhill et al., 2008) , because it seems to refer only to variables, or numbers, characterizing a physical or biological property of an agent. In many ABMs, Process overview and scheduling. -Grimm et al. (2006) noted that most model descriptions do not include a description of the model's schedule that is detailed and precise enough to allow the model to be re-implemented. Still, in many ODD-based model descriptions, the schedule was not entirely clear. For example, often it is not specified in what sequence model entities are processed and when state variables are updated; this also applies to many of the figures used to visualize the schedule. We found schedule descriptions based on pseudo-code most useful. We conclude that the ODD protocol needs to describe more precisely what information this element should contain, and it should recommend using pseudo-code. It should also be made clear that in this ODD element processes are only listed, using the (selfexplaining) names of their corresponding submodels, and except for very simple models, no details of the submodels should be presented here.
Design concepts. -This element was omitted in quite a few applications and, if it was included, often only very few concepts were addressed. One reason for this is probably that many ABMs do not include explicit submodels of adaptive behavior, so that none of the design concepts related to adaptive behavior apply. Another reason, however, is that the rationale of having design concepts included in the ODD protocol needs to be better explained. 'Fitness', one of the original design concepts, seems now to have been too narrow; a more general term, like 'objectives' is needed to make ODD more generally applicable. One concept essential to some ABMs, especially of human agents, is learning: whether and how agents change the rules or parameters governing behavior as a consequence of their experience. Learning is exactly the kind of concept that should be highlighted in this section, but the original protocol had no clear place for it.
At a more general level, independent of agent-based modeling, one or many basic principles are likely to underlie a model's design. In ecology, models can be based on basic principles, theory (Grimm, 1999) , or general approaches, for example foraging theory, habitat selection, trophic interactions, trait-mediated interactions, etc. Similar basic principles exist in other disciplines. To better understand the design of an ABM (or any large, complex model) it should be explained how simple basic principles were taken into account in the design of a more realistic and mechanistically richer model. Therefore, basic principles should be included in the list of design concepts.
Initialization. -This element seems to be relatively clear. If it was omitted, then this was usually in papers that ignored most of the ODD elements anyway.
Input. -The name of this element was obviously confusing, since for many modelers 'input' refers to parameter values and sometimes also initial values of state variables. In the updated ODD, this element should be renamed to avoid this misunderstanding.
Submodels. -This element was usually named and used as intended by the ODD protocol. However, often the submodels' names and the names of the processes listed in process overview and scheduling did not match. Moreover, the clear separation between the factual description of a submodel; i.e., its equations, rules and algorithms, and explanations of its rationale, which is recommended by ODD, often did not exist. In the updated protocol, this has to be explained more clearly.
The ODD protocol: an updated definition
The following description and explanation of the seven elements of ODD is designed to fix the problems and ambiguities of the original protocol and its description. This updated ODD protocol fully replaces the original description given by Grimm et al. (2006) , which is obsolete because of its ambiguities; however, the description of ODD's overall purpose and rationale given by Grimm et al. (2006) is still valid. The ODD protocol is defined by the seven elements described below, their labels or identifiers, and the sequence in which they are described. For clarification, a few identifiers have been renamed slightly and two design concepts have been added (Table 1) .
Using ODD means using exactly these identifiers in the order specified by the protocol (numbering the elements, though, from 1 to 7 is optional and can depend on journal formatting requirements). There are manuscripts that claimed to follow the ODD protocol, but the order of elements was changed, elements were lumped, modified identifiers were used, or entire elements omitted. The purpose of a standard is, however, to assure a common understanding of the work done. Therefore it must be followed consistently.
When ODD is used, it should be referred to in the following way: "The model description follows the ODD (Overview, Design concepts, Details) protocol (Grimm et al., 2006; 2 )". This is important because when using a standard it is necessary to refer to where it has been described. Moreover, systematic evaluation of the practice of using ODD, as has been done in this review, would be impossible without references to the publications presenting ODD and its update.
In the following update of ODD, each element is described by questions providing a kind of checklist and explanations. A template document for writing ODD model descriptions that contains the following questions and explanations is included in the Supplementary Material.
Purpose
Question: What is the purpose of the model? Explanation: Every model has to start from a clear question, problem, or hypothesis. Therefore, ODD starts with a concise summary of the overall objective(s) for which the model was developed. Do not describe anything about how the model works here, only what it is to be used for. We encourage authors to use this paragraph independently of any presentation of the purpose in the introduction of their article, since the ODD protocol should be complete and understandable by itself and not only in connection with the whole publication (as it is also the case for figures, tables and their legends). If one of the purposes of a model is to expand from basic principles to richer representation of real-world scenarios, this should be stated explicitly.
Entities, state variables, and scales
Questions: What kinds of entities are in the model? By what state variables, or attributes, are these entities characterized? What are the temporal and spatial resolutions and extents of the model?
Explanation: An entity is a distinct or separate object or actor that behaves as a unit and may interact with other entities or be affected by external environmental factors. Its current state is characterized by its state variables or attributes. A state variable or attribute is a variable that distinguishes an entity from other entities of the same type or category, or traces how the entity changes over time. Examples are weight, sex, age, hormone level, social rank, spatial coordinates or which grid cell the entity is in, model parameters characterizing different types of agents (e.g., species), and behavioral strategies. The entities of an ABM are thus characterized by a set, or vector (Chambers, 1993; Huse et al., 2002) , of attributes, which can contain both numerical variables and references to behavioral strategies.
One way to define entities and state variables is the following: if you want (as modelers often do) to stop the model and save it in its current state, so it can be re-started later in exactly the same state, what kinds of information must you save?
If state variables have units, they should be provided. State variables can change in the course of time (e.g. weight) or remain constant (e.g. sex, species-specific parameters, location of a non-mobile entity). State variables should be low level or elementary in the sense that they cannot be calculated from other state variables. For example, if farmers are represented by grid cells which have certain spatial coordinates, the distance of a farmer to a certain service centre would not be a state variable because it can be calculated from the farmer's and service centre's positions.
Most ABMs include the following types of entities:
− Agents/individuals. A model can have different types of agents; for example, wolves and sheep, and even different sub-types within the same type, for example different functional types of plants or different life stages of animals. Examples of types of agents include the following: organisms, humans, or institutions. Example state variables include: identity number (i.e., even if all other state variables would be the same, the agent would still maintain a unique identity), age, sex, location (which may just be the grid cell it occupies instead of coordinates), size, weight, energy reserves, signals of fitness, type of land use, political opinion, cell type, species-specific parameters describing, for example, growth rate and maximum age, memory (e.g., list of friends or quality of sites visited the previous 20 time steps), behavioral strategy, etc.
− Spatial units (e.g., grid cells).
Example state variables include the following: location, a list of agents in the cell, and descriptors of environmental conditions (elevation, vegetation cover, soil type, etc.) represented by the cell. In some ABMs, grid cells are used to represent agents: the state and behavior of trees, businesses, etc., that can be modeled as characteristics of a cell. Some overlap of roles can occur. For example, a grid cell may be an entity with its own variables (e.g., soil moisture content, soil nutrient concentration, etc., for a terrestrial cell), but may also function as a location, and hence an attribute, of an organism.
− Environment. While spatial units often represent environmental conditions that vary over space, this entity refers to the overall environment, or forces that drive the behavior and dynamics of all agents or grid cells. Examples of environmental variables are temperature, rainfall, market price and demand, fishing pressure, and tax regulations.
− Collectives. Groups of agents can have their own behaviors, so that it can make sense to distinguish them as entities; for example, social groups of animals, households of human agents, or organs consisting of cells. A collective is usually characterized by the list of its agents, and by specific actions that are only performed by the collective, not by their constitutive entities.
In describing spatial and temporal scales and extents (the amount of space and time represented in a simulation), it is important to specify what the model's units represent in reality. For example: "One time step represents one year and simulations were run for 100 years. One grid cell represents 1 ha and the model landscape comprised 1,000 x 1,000 ha; i.e., 10,000 square kilometers". How is time modeled, as discrete steps or as a continuum over which both continuous processes and discrete events can occur? Except for very simple schedules, one should use pseudo-code to describe the schedule in every detail, so that the model can be reimplemented from this code. Ideally, the pseudo-code corresponds fully to the actual code used in the program implementing the ABM.
Process overview and scheduling
Explanation:
The "does what?" in the first question refers to the model's processes. In this ODD element only the self-explanatory names of the model's processes should be listed: 'update habitat', 'move', 'grow', 'buy', 'update plots', etc. These names are then the titles of the submodels that are described in the last ODD element, 'Submodels'. Processes are performed either by one of the model's entities (for example: 'move'), or by a higher-level controller that does things such as updating plots or writing output to files. To handle such higher-level processes, ABM software platforms like Swarm (Minar et al., 1996) and NetLogo (Wilensky, 1999) include the concept of the 'Model', or 'Observer', itself; that is, a controller object that performs such processes.
By "in what order?" we refer to both the order in which the different processes are executed and the order in which a process is performed by a set of agents. For example, feeding may be a process executed by all the animal agents in a model, but we must also specify the order in which the individual animals feed; that is, whether they feed in random order, or fixed order, or size-sorted order. Differences in such ordering can have a very large effect on model outputs (Bigbee et al., 2006; Caron-Lormier et al., 2008) .
The question of when variables are updated includes the question of whether a state variable is immediately assigned a new value as soon as that value is calculated by a process (asynchronous updating), or whether the new value is stored until all agents have executed the process, and then all are updated at once (synchronous updating). Most ABMs represent time simply by using time steps: assuming that time moves forward in chunks. But time can be represented in other ways (Grimm and Railsback, 2005, Chapter 5 
Design concepts
Questions: There are eleven design concepts. Most of these were discussed extensively by Railsback (2001) and Grimm and Railsback (2005; Chapter. 5) , and are summarized here via the following questions:
Basic principles. Which general concepts, theories, hypotheses, or modeling approaches are underlying the model's design? Explain the relationship between these basic principles, the complexity expanded in this model, and the purpose of the study. How were they taken into account? Are they used at the level of submodels (e.g., decisions on land use, or foraging theory), or is their scope the system level (e.g., intermediate disturbance hypotheses)? Will the model provide insights about the basic principles themselves, i.e. their scope, their usefulness in real-world scenarios, validation, or modification (Grimm, 1999) ? Does the model use new, or previously developed, theory for agent traits from which system dynamics emerge (e.g., 'individual-based theory' as described by Grimm and Railsback [2005; Grimm et al., 2005] Observation. What data are collected from the ABM for testing, understanding, and analyzing it, and how and when are they collected? Are all output data freely used, or are only certain data sampled and used, to imitate what can be observed in an empirical study ("Virtual Ecologist" approach; Zurell et al., 2010) ?
Explanation: The 'Design concepts' element of the ODD protocol does not describe the model per se; i.e., it is not needed to replicate a model. However, these design concepts tend to be characteristic of ABMs, though certainly not exclusively. They may also be crucial to interpreting the output of a model, and they are not described well via traditional model description techniques such as equations and flow charts. Therefore, they are included in ODD as a kind of checklist to make sure that important model design decisions are made consciously and that readers are aware of these decisions (Railsback, 2001; Grimm and Railsback, 2005) . For example, almost all ABMs include some kinds of adaptive traits, but if these traits do not use an explicit objective measure the 'Objectives' and perhaps 'Prediction' concepts are not relevant (though many ABMs include hidden or implicit predictions). Also, many ABMs do not include learning or collectives. Unused concepts can be omitted in the ODD description.
There might be important concepts underlying the design of an ABM that are not included in the ODD protocol. If authors feel that it is important to understand a certain new concept to understand the design of their model, they should give it a short name, clearly announce it as a design concept not included in the ODD protocol, and present it at the end of the Design concepts element. 
Initialization
Input data
Question: Does the model use input from external sources such as data files or other models to represent processes that change over time?
Explanation: In models of real systems, dynamics are often driven in part by a time series of environmental variables, sometimes called external forcings; for example annual rainfall in semi-arid savannas (Jeltsch et al., 1996) . "Driven" means that one or more state variables or processes are affected by how these environmental variables change over time, but these environmental variables are not themselves affected by the internal variables of the model. For example, rainfall may affect the soil moisture variable of grid cells and, therefore, how the recruitment and growth of trees change. Often it makes sense to use observed time series of environmental variables so that their statistical qualities (mean, variability, temporal autocorrelation, etc.) are realistic. Alternatively, external models can be used to generate input, e.g., a rainfall time series (Eisinger and Wiegand, 2008) . Obviously, to replicate an ABM, any such input has to be specified and the data or models provided, if possible.
(Publication of input data for some social simulations can be constrained by confidentiality considerations.) If a model does not use external data, this element should nevertheless be included, using the statement: "The model does not use input data to represent time-varying processes." Note that 'Input data' does not refer to parameter values or initial values of state variables.
Submodels
Questions: What, in detail, are the submodels that represent the processes listed in 'Process overview and scheduling'? What are the model parameters, their dimensions, and reference values? How were submodels designed or chosen, and how were they parameterized and then tested?
Explanation: The submodels are presented in detail and completely. The factual description of the submodel, i.e., equation(s) and algorithms, should come first and be clearly separated from additional information. From what previous model this submodel was taken or whether a new submodel was formulated, and why, can be explained. If parameterization is not discussed outside the ODD description, it can be included here. The parameter definitions, units, and values used (if relevant) should be presented in tables.
Any description of an ABM and its submodels will seem ad hoc and lack credibility if there is no justification for why and how formulations were chosen or how new formulations were designed and tested. Because agent-based modeling is new and lacks a firm foundation of theory and established methods, we expect ODD descriptions to include appropriate levels of explanation and justification for the design decisions they illustrate, though this should not interfere with the primary aim of giving a concise and readable account of the model. Justification can be very brief in the Overview and Design concepts sections, but the complete description of submodels is likely to include references to relevant literature, as well as independent implementation, testing, calibration, and analysis of submodels.
ODD-based model descriptions consist of the seven elements described above; however, in most cases it will be necessary to have a simulation experiments or model analysis section following the model description (see Discussion).
Discussion
We have provided an updated ODD protocol for describing individual-based and agent-based models. Our updated description of ODD provides questions that can serve as a checklist for describing ABMs. We also renamed a few ODD elements to improve clarity, and added two design concepts: Basic principles and Learning.
In the following, we discuss both the three most frequently raised critiques in the protocol and emergent benefits which were not anticipated by Grimm et al. (2006) .
Complaints about ODD
ODD can be redundant
Three elements of ODD were noted as being sources of redundancy: Purpose (likely to also be presented in a paper's introduction); Design concepts (included, more or less explicitly, in submodels' descriptions); and Submodels (because the submodels are also listed in Process Overview and Scheduling). We agree that there is some redundancy, but it is a price for the hierarchical structure of ODD, and it can be kept to an acceptable level. For example, redundancy in the Purpose element can be reduced by keeping this section very short. The redundancy associated with Design concepts often need not exist, because any details used in this element can then be left out of the Submodels element. The minor redundancy introduced by first providing the Process Overview and Schedule before all the submodel details is, in fact, needed to make sure that readers know and understand the context of each submodel. This is particularly appropriate if submodel details are published in an appendix or separately, which can be necessary for complex models (see Section 2.2).
ODD is overdone for simple models
Some ABMs are extremely simple, and describing them in ODD could use considerably more space than a complete description that does not use ODD. However, the benefits of using ODD are just as applicable to simple models, and it helps the reader understand what was left out to keep the model simple. The format of ODD can be shortened, when appropriate, such as by using continuous text instead of separate document subsections for each ODD element (see, for example, Jovani and Grimm 2008).
ODD separates units of object-oriented implementations
In object-oriented programming (OOP), model entities (i.e., agents) and their behaviors (i.e., processes and submodels) form one unit: objects with properties (state variables) and methods (processes). ODD, however, requires the properties and methods to be presented separately.
OOP is currently the natural platform for implementing ABMs (e.g., Grimm and Railsback, 2005) , but OOP is not the only programming paradigm nor is it the last, and ODD was designed to be independent of software platforms. Moreover, the principle of encapsulation in OOP, which is designed to promote source code that is easier to maintain through collecting the data and methods that operate on them in one place, clearly does not necessarily apply for creating readable accounts of that code for humans. Grimm et al. (2006) recommend using UML (Unified Modelling Language) class diagrams to graphically describe the model structure, but we refrain from this recommendation now, to make sure that ODD is independent of how models are implemented. Grimm et al. (2006) realized that we needed a way to communicate ABMs in a common format, because there was also no common, structured format for describing ABMs. But we found that once people develop experience using ODD to describe models, they start formulating new ABMs in the ODD format (Grimm 2008 [Grimm and Railsback, 2005] are likely to be iterative.) In so doing, it is necessary to think about what input data are needed and how to initialize the simulations.
Emergent benefits of ODD
ODD promotes rigorous model formulation
It was the declared aim of ODD to increase readers' understanding of model descriptions by developing their expectations (sensu Gopen and Swan, 1990) of what information about a model is provided where and in what order. We are surprised by how strong these expectations are after using ODD for some time. There is thus a good chance that ODD will become fully established-used in most ABM publications-because once one starts using it, one very quickly gets used to it and considers it a natural and meaningful way to communicate and formulate ABMs or other complex models.
ODD facilitates reviews and comparisons of ABMs
Reviewing several ABMs that deal with a certain kind of problem or system is quite a task. To start, categories and criteria for classifying models must be identified, by itself a difficult task. If, however, the models are described in the ODD format, a review of their purpose, scales, structure, and process formulation is greatly simplified: one just puts the corresponding parts together in a table and scans for similarities and differences.
The first published review of ABMs that is based on ODD was a review of mangrove forest models (Berger et al., 2008) . One important result of this review was that models initially perceived as fundamentally different turned out, when their basic structure design concepts were illuminated by ODD, to be unexpectedly similar (see also Polhill et al. 2008, Hellweger and Bucci 2009 ).
ODD may promote more holistic approaches to modeling and theory
In ecology, theory and modeling is currently transitioning from simple conceptual and idealized mathematical models derived from, e.g., Life History Theory (Murdoch 1966 , Williams 1966 and Optimal Foraging Theory (Emlen 1966 , MacArthur & Pianka 1966 to approaches that combine ecology with physiology and psychology, to incorporate underlying mechanisms of phenomena at the ecological level (e.g. Gilmour & al. 2005 , White & al. 2007 , McNamara & Houston 2009 , Dingemanse & al. 2010 , Pravosudov & Smulders 2010 . Models of these phenomena are unavoidably becoming more complex, often requiring the use of ABMs. As complex models become the rule in bridging the biological, and similarly the social sciences, stringent protocols are needed to ensure communication between disciplines.
Clear communication of models should also be clear communication of theory. Theoretical considerations underlie all models, but in large models the theoretical foundations may be lost. We suggested above that Design concepts are augmented by 'Basic principles' to include what the modelers see as the theory motivating their models. Models should be the means by which general theoretical concepts and equations are given specific forms to apply to the real world.
Our impression is that one of the greatest problems of ecology (and perhaps also in social sciences) as a science is that ecological theory is highly scattered and not always clearly articulated in models. This is especially obvious when several clusters of theory are gathered in an ABM or other large model. The ODD protocol is one way to allow the theoretical aspects of these models to be articulated more clearly, and also for the important theory gaps to be visible. Wide use of the updated ODD protocol would thus facilitate approaches and theory which are holistic in the sense that they link levels of organization, different case studies, and possibly even different disciplines.
Limitations and outlook
One inherent limitation of ODD is that it is designed to describe a definite model version, whereas we often have to compare different versions to identify the best among alternative submodels, or to learn about the significance of different model designs, assumptions, and parameterizations. However, a focused model analysis requires a reference. We therefore recommend, as did Grimm et al. (2006) , to broaden the reference ODD of a model by a separate section in the Materials and Methods section called Simulation Experiments or Model Analysis.
A similar problem is that different publications are often based on different versions of the same model, with only a few of the models entities or processes changed. For such cases, it would be convenient to have a Δ-ODD that describes only the differences from a reference version of the model. A Δ-ODD might be possible and useful, but in the meantime we still recommend that a full ODD description be provided (often, in an appendix) for each published version.
An inherent limitation of our review and update is that the usefulness of a proposed standard -ODD -was assessed by some of those who originally proposed this protocol (or tested it for the social sciences). Independent and more quantitative tests would be preferable and we hope to see them in the future. For example, ODD's usefulness for making models replicable could be tested by comparing replications of ODD-based and other model descriptions. The ultimate test, though, of ODD's usefulness and potential for becoming "the" standard for describing ABMs (and possibly other types of large, complex models) is how widely ODD will be used in the future. Within only six months -between our evaluation of the literature and writing this (July 26, 2010) -the number of citations of the original ODD paper increased from 87 to 123, which we take as an indicator for the increasing, and to some degree self-reinforcing use of ODD as a standard format.
None of the ODD initiators were entirely convinced by ODD's benefits in the beginning. Their opinions improved while using the protocol for their own model descriptions and, more often, while using it as a tool for model development during teaching agent-based modeling. It is also valuable for those faced with reviewing and reading modeling articles, who are otherwise faced with ad hoc descriptions of models that are often difficult to follow and incomplete. Our study of articles using ODD so far has shown that an update to the protocol is timely. We hope that this contribution will stimulate further researchers to try it, and offer feedback on how it may be further refined. Tables   Table 1. The seven elements of the original and updated ODD protocol. The names of two elements was modified (elements 2 and 6), one design concept was renamed (from Fitness to Objectives, and two design concepts were added (Basic principles and Learning). Numbering the seven elements when using the protocol is optional. The elements can be grouped in three categories (Overview, Design concepts, Details; hence: ODD), but these categories are not meant to be included when using the ODD protocol.
Elements of the original ODD protocol (Grimm et al. 2006) Elements of the updated ODD protocol 1. Purpose 1. Purpose 2. State variables and scales 2. Entities, state variables, and scales
Over view
3. Process overview and scheduling 3. Process overview and scheduling
Design concepts
4. Design concepts Percentages of publications using the ODD protocol (n=54) for describing an individual-based or agent-based model that include each of the seven elements described by Grimm et al. (2006) , i.e. Purpose, State variables and scales, etc. Black: the element was named and used as described in Grimm et al. (2006) ; dark gray: the element was included and named correctly, but misinterpreted; light gray: the element was omitted or labeled incorrectly. Figure 2 . From the 43 publications that included the element 'Design concepts', the percentage of publications that address a certain design concept. 
The element is included in the model description using exactly the label required by the ODD protocol and largely following the protocol intentions. 4 Design concepts: emerge: Emergence; adapt: Adaptation; inter: Interaction; sense: Sensing; stoch: Stochasticity; observ: Observation; collect: Collectives; fit: Fitness; predict: Prediction. Design concepts in brackets: the concept was described without using the concepts name, or a new concept was introduced.
5 MS: The full model description is included in the manuscript 6 Pseu: Pseudocode 7 -: The element is omitted or using a modified label. 
